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ABSTRACT 
 
 
Gas sensor is an important functional device that will guarantee the safety of human 
from being exposed to hazardous gases. The important features of a gas sensor are 
the ability to response towards the gas at the shortest time, the sensitivity towards the 
specific gas and the portability of gas sensor device. In this thesis, the optimum 
parameters required to deposit CuO thin film for gas sensing application using RF 
magnetron sputtering was investigated by correlating the copper oxide plasma and 
thin film.  The optimum oxygen flow rate for the deposition of CuO thin film was 
observed to be 8sccm base on the ratio of copper and oxygen emission obtained from 
the OES analysis. Moreover, through the XRD analysis it was confirmed that pure 
CuO compound was formed at above 8sccm oxygen flow rate. As for the substrate 
bias voltage, the ideal value was -40V base on the ion flux value obtained through 
Langmuir probe analysis. In addition, comparison on the topography, morphology, 
roughness and sheet resistance at various substrate bias voltages through FE-SEM, 
AFM and two-point-probe analysis help confirmed the structure that were suitable 
for gas sensing application. Besides, the sheet resistance of the CuO thin film that 
were deposited at -40V substrate bias voltage and 8sccm oxygen flow rate was near 
to 10
6Ω which is close to fully oxidized copper oxide thin film. Lastly, a simple 
experimental setup was constructed to test the functionality of the CuO thin film as a 
gas sensor. 
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ABSTRAK 
 
 
Sensor gas adalah sejenis alat yang sangat penting untuk menjamin keselamatan 
manusia daripada terdedah kepada gas-gas berbahaya. Ciri-ciri penting dalam sensor 
gas adalah keupayaan untuk bertindak balas terhadap gas pada masa yang singkat, 
kepekaan terhadap gas yang tertentu dan kemudahalihan peranti sensor gas.  Dalam 
thesis ini, parameter optimum yang diperlukan untuk untuk fabrikasi kuprum oksida 
(CuO) sensor gas applikasi menggunakan radio frekuensi (rf) magnetron sputtering 
telah disiasat dengan menghubungkaitkan plasma dan filem nipis kuprum oksida. 
Kadar aliran oksigen yang optimum untuk fabrikasi CuO filem nipis telah 
diperhatikan pada 8sccm berdasarkan pada nisbah kuprum dan oksigen pancaran 
yang diperolehi melalui spektroskopi pemancaran optic (OES). Selain itu, ia telah 
disahkan melalui analisis XRD bahawa sebatian CuO tulen telah dibentuk pada kadar 
aliran oksigen 8sccm. Manakala, bagi voltan pada sample, nilai ideal adalah 
sebanyak -40V berdasarkan nilai fluks ion yang diperolehi melalui analisis Langmuir 
probe. Di samping itu, perbandingan struktur, permukaan, kekasaran dan sheet 
rintangan pada voltan sampel yang berbeza melalui analisa FE-SEM, AFM dan two-
point-probe telah mengesahkan struktur yang sesuai untuk aplikasi sensor gas. Selain 
itu, sheet rintangan daripada CuO filem nipis yang difabrikasikan pada -40V voltan 
pada sampel dan kadar aliran oksigen 8sccm adalah berhampiran dengan 10
6Ω iaitu 
ia menunjukkan kuprum oksida tersebut telah hamper teroksida dengan sepenuhnya. 
Akhir sekali, eksperimen yang ringkas telah disediakan untuk menguji fungsi filem 
nipis CuO sebagai gas sensor 
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CHAPTER 1 
 
 
 
 INTRODUCTION 
 
 
 
Semiconducting metal oxide gas sensors currently establish as one of the most 
investigated group of gas sensors. It have been known for a long time that electrical 
resistance of a semiconductor is very sensitive to the changes on the surface [1]. 
Among the sensors investigated and developed, semiconducting metal oxide attracts 
much attention in the field of gas sensing under atmospheric conditions due to their 
low cost, flexibility in production, simplicity of their use and most important is that it 
detect large number of gases [2]. Recently, numerous researchers have shown 
interest in the characteristics of metal oxide semiconducting to tune its ability to 
produce a reaction with gases on the surface [3]. However, the reaction between the 
gas and solid-state metal oxide semiconducting often influenced by several factors 
such as internal and external changes towards the surface of the sensor. Some of the 
internal influences are related to the basic properties of the material used, surface 
areas and microstructure of the sensing layers. As for the external influences, they 
are caused by change in the temperature and humidity of the atmosphere. 
 The gas sensor can be defined as a tool that converts chemical energy into an 
electrical signal. Basically, the output signal is exhibited in the form of resistance 
changes [4]. Depending on the type of semiconductor metal oxide used, n-type 
semiconductor will have a decreased in the material resistance when alcohol is used 
as the sensing target (instead of increasing in the case of p-type semiconductor) [5]. 
The basic operation of a gas sensor is due to the absorption of oxygen on the crystal 
surface with a negative charge. Upon contact, the donor electrons in the crystal 
surface are transferred to the adsorbed oxygen, resulting in leaving positives charges 
in a space charge layer. Thus, surface potential is formed and act as a potential 
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barrier against electron flow. At grain boundaries, absorbed oxygen forms a potential 
barrier which prevents carrier from moving freely. Hence, the electrical resistance of 
the sensor is increased. In the presence of a reducing gas, the surface density of the 
negatively charged oxygen decreases, so the potential barrier decreases and thus the 
sensor resistance also decreased. The reason that the negatively charged oxygen 
decreases is due to the reaction between the reducing gases with oxygen [6]. 
 A great deal of efforts has been put into developing new sensing materials 
with improved sensor properties. Metal oxides possess a broad range of electrical, 
chemical and physical properties that are often highly sensitive to changes in their 
chemical environment.  Because of these properties, metal oxides have been widely 
studied. Since the first semiconductor gas sensor was created in 1960‟s, various types 
of semiconducting metal oxide have emerge including SnO2, TiO2, Al2O3, Bi2O3, 
CdO, CeO2, Cr2O3, Co3O4, CuO, Fe2O3, Ga2O3, In2O3, MoO3, Nb2O5, NiO, WO3 and 
V2O5 [4]. A wide range of sensing gas that were investigated include H2S, NH3, CH4, 
CO, CO2, H2, NO, O2, C2H5OH, and acetone. Basically, CuO is commonly used as 
an additive to enhance the gas sensor response of common metal oxide such as SnO2 
and ZnO [7–9]. Therefore, the suitability of CuO as homogeneous sensing material is 
one of the on-going research problem and in this thesis we have tried to optimise the 
oxygen flow rate and substrate bias voltage during the deposition of CuO thin film 
using RF magnetron sputtering.  
 Copper oxide (CuO) is a very interesting material for gas sensor due to its 
low cost material, excellent reactivity and nontoxicity [10]. Other than that, the 
benefit of using copper oxide as the gas sensing material is due to the initial material 
copper, Cu, natural abundance, easiness to produce Cu oxidation, non-toxic nature 
and realistically good electrical properties [11–13]. To date, various type of CuO thin 
film based gas sensors have been previously fabricated by the chemical vapor 
deposition [14], microwave-assisted hydrothermal [15], reactive DC sputtering [16] 
and RF magnetron sputtering [17]. So far, CuO thin film based gas sensor was used 
to detect NO2, CO2, CO, H2S, NH3, methanol and ethanol. In this case, ethanol will 
be the targeted type of gas sensing due to it‟s being categorized as one of the volatile 
organic compound (VOC) [18]. 
 There have been reports of some interesting work based on CuO thin film by 
A. S. Zoolfakar et. al. [17]. Although the work about CuO thin film prepared by RF 
magnetron sputtering method is impressive and show very good response towards 
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12.5ppm of ethanol. However, the sensing is observed at 180ºC operating 
temperature. In addition to this, there are no detailed reports on ethanol sensing using 
copper oxide thin films without operating temperature. 
 In our present work, the detailed study is performed on the correlation of in-
situ and ex-situ analysis of the RF magnetron sputtered copper oxide thin film for 
ethanol by varying the oxygen flow rate and substrate bias voltage. In addition to this, 
we are presenting the copper oxide thin films for gas sensing application operated 
without heating element. In order to check the functionality of the copper oxide thin 
film, all the observations are done at least 3 times.  
 
1.1 Problem Statements 
 
Volatile organic compounds (VOCs) emitted from poultry production are leading 
source of air quality problems. VOC can be caustic and hazardous colourless gas 
with a characteristic pungent odour. VOC is present in animal waste and in 
particularly high concentration in chicken faeces. In Malaysian livestock industries, 
where chicken can live in unventilated environments, VOC concentration can 
become high enough to create illness to chicken and kill the animals. Recent example 
of this problem is the bird nest industries where the Chinese government bans the 
bird nest import from Malaysia. This was due to high compound of ammonia in 
Malaysia‟s bird nest. Therefore, an ability to monitor and control these environments 
is highly desirable. 
 Ethanol vapour, as one of the VOCs, has been one of the most thoroughly 
studied gases for gas sensor [5, 19, 20], particularly due to it being volatile, 
flammable and colourless liquid. Besides, ethanol is the principal type of alcohol 
found in alcoholic beverages. Nevertheless, ethanol can cause intoxication when 
consumed in sufficient quantity. 
One of the major roles of nanotechnology in agriculture is to develop an 
autonomous sensor for air quality real-time monitoring linked to GPS. 
Nanotechnology will create a precision farming and thus maximize the output while 
minimizing input. The existing VOC sensor uses tin oxide or tungsten oxide 
semiconductor as the sensing elements requires high current for heating element and 
high concentration of VOCs. Therefore, it is not suitable for remote farming in 
4 
 
Malaysia. High power consumption creates extra electrical works and cost which is 
not practical for small and medium enterprise (SME).  
Even though there is a lot of type of gas sensor available in the market, but 
most of the available gas sensor required either a large volume of gas before the gas 
sensor activated or it required heating the gas sensor in order to be activated when in 
contact with low volume of gas. Other than that, the disadvantage of current gas 
sensor is that it is not suitable for mobile sensing system and it requires high power 
consumption. Therefore, in this project a high sensitivity copper oxide based gas 
sensor will be investigated and developed. 
 
1.2 Aim and Objective 
 
The aim of this project is to develop a CuO thin film for gas sensing application. 
 
The objectives of this research include: 
i. Deposition of CuO thin film using RF magnetron sputtering method. 
ii. Correlation of copper oxide plasma and thin film analysis. 
iii. Test the CuO thin film for gas sensing application. 
 
1.3 Scopes 
 
The main scope of this project is to investigate and deposit a CuO thin film for gas 
sensing application. The scopes include:  
1. To investigate the plasma properties during the growth of copper 
oxide thin film at various oxygen flow rate and substrate bias voltage 
by using optical emission spectroscopy and Langmuir probe 
techniques. 
2. To investigate the properties of copper oxide thin film deposited at 
various oxygen flow rate and substrate bias voltage by using FE-SEM, 
AFM, XRD and two point probe. 
3. To deposit copper oxide thin film for ethanol gas sensing application. 
4. To propose the optimized parameter to deposit CuO thin film for gas 
sensing application using magnetron sputtering technique. 
 
  
CHAPTER 2 
 
 
 
LITERATURE REVIEW 
 
 
 
2.1 Background 
 
Agriculture is one of the main industrial in Malaysia which consists of cultivation of 
animals, plant and other life form for food, biofuel and other product to enhance 
human life. As one of the backbone for Malaysia, agriculture is the essential element 
for the developing countries, with more than 60% of the population reliant on it for 
their livelihood [21]. Therefore, uncontrolled environmental surrounding the 
industrial poultry production is related with the health risks for both animals and 
employees of the poultry industry [22]. Under industrial poultry production, it is 
often associated with the emissions of volatile organic compounds (VOCs) that lead 
to air quality problems. VOC is a caustic and hazardous colorless gas with a 
characteristic pungent odor. Therefore, a high concentration of VOCs from the 
livestock building may create illness to chicken or even kill the animals. VOC is 
present in animal waste and in particularly high concentration in chicken faeces. In 
livestock industries, where chicken can live in unventilated environments, VOC 
concentration can become high enough to create illness to chicken and kill the 
animals.  In general, an uncontrolled emission of VOCs will lead to health problem 
on people living. Hence, an ability to monitor and control the emission is highly 
desirable. 
 On July 2011, there was issue on the quality of birds‟ nest imported to China 
after the Chinese authorities found that the quality of the birds‟ nest did not fulfill the 
permissible nitrite level. Based on the investigation, it was believe that the red 
coloured nest or cave nest was found to contain more than 1000ppm level of nitrite 
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which was unsafe for human consumption [23]. Thus, there was a requirement for 
research to improve the quality of the birds‟ nest.   
 On April 2012, 24 workers at the Petronas gas processing plant in Kertih 
were admitted to hospital with breathing difficulties caused by a gas leakage. The gas 
believed to be ammonia [24]. Besides than agriculture, VOCs such as ammonia is 
also commonly found in gas processing plant and refrigerator as a coolant. In a 
different case, six people died from inhaling ammonia that leaked from a faulty 
refrigeration system at a jetty in Kampung Bagan Pasir which occur on 2009 [25]. 
 One of the major roles of nanotechnology in agriculture and oil and gas 
industries is to develop an autonomous sensor for air quality real-time monitoring. 
Nanotechnology will create a precision analysis on the current working environment. 
Nanotechnology would possibly help to detect a small amount of VOC at very low 
power (or current) input. Therefore, such VOC sensor will be suitable for remote 
farming in Malaysia as well as remote oil drilling plant. High power consumption 
creates extra electrical works and cost which is not practical for small and medium 
enterprise (SME). 
  
2.2 Gas  sensor development 
 
The major development of gas sensor has been directed into three types; with the 
first type is the potentiometric gas sensor, the second type is the calorimetric gas 
sensor and the third type is chemiresistive gas sensor. Basically, potentiometric gas 
sensor and calorimetric gas sensor are more specific in detecting oxygen and 
inflammable gases, respectively [4]. However, this thesis will be focusing on the 
third type, chemiresistive gas sensor, due to the nature of the gas to be investigated. 
The gas that was used in this investigation is the volatile organic compound gas 
which is commonly found in the agriculture development area. As one of the volatile 
organic compound, ethanol gas will be the main concern in this work. 
Ethanol gas is one of the most comprehensively studied gases for gas sensing 
application [19]. This is because ethanol gas sensors are extensively used in the field 
of wine quality monitoring, breath analysis and particularly on food industries [17]. 
Other than that, ethanol gas can cause intoxication when consumed in sufficient 
quantity. Therefore, ethanol gas sensor has become crucial part of devices to our 
human society. As human life becomes more convenient, we are exposed to 
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uncountable threats from the environment. In 2013, Chinese government bans the 
bird nest import from Malaysia due to high compound of ammonia (NH3 is one of 
the VOCs) in Malaysia‟s bird nest. Even though gas sensor have being introduced for 
a long period of time but the sensitivity of the gas sensor towards low concentration 
of gases is still unsatisfied. Now, gas sensors are easily found in our daily life, from 
house to car and even the breath analyzer for drunken driver etc.  
In poultry industry, many kinds of emission from various sources such as 
faeces of animals will cause the hazardous gas to increase. Some gases might be 
harmful to our health but they might not be noticeable at low concentration due to it 
to be odorless. Among those commercialized gas sensors, most of the gas sensor wan 
incorporated with heating element. Heating element is commonly used to regulate 
the operating temperature of the sensor. Applying heating element on the sensor will 
increase the sensitivity of the sensor towards the target gas [26]. Thus, this type of 
gas sensor increases the power consumption. Due to higher consumption of power, 
this type of gas sensor is not encouraged to be used at rural area due to unstable 
supply of electricity. With this idea, the aim in this thesis is to produce a gas sensor 
that will provide high sensitivity towards VOCs while removing the heating element 
usage from the devices itself. Therefore by removing the heating element, the power 
consumption from the devices will be much lower and it will be suitable to be used 
as a mobile sensing device.  
 
2.3 Copper oxide gas sensor 
 
Copper oxide oxide (CuO and Cu2O) are important p-type semiconductors that have 
being widely investigated for various applications such as dye sensitized solar cell, 
photo catalysis, photochromic devices and last but not least the gas sensing devices. 
As an important p-type semiconductor, copper oxide have drawn numerous attention 
in the application of gas sensors due to its low cost material, excellent reactivity and 
nontoxicity [10]. Other than that, the benefit of using copper oxide as the gas sensing 
material is due to the initial material copper, Cu, natural abundance, easiness to 
produce Cu oxidation, non-toxic nature and realistically good electric properties [11–
13].  
Copper forms two type of oxides which is called cuprous oxide (Cu2O) and 
cupric oxide (CuO). Due to the natural properties of nanostructured metal oxide films, 
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tremendous efforts have taken places to develop copper oxide into various 
morphologies, such as cubes, wires, spheres etc. In fact, it is well known that 
nanostructured metal oxide films exhibit large surface area to volume ratio and this 
bring contribution to obtaining higher sensitivity gas sensor and rapid response. 
Based on these, numerous researchers have put a lot of efforts into investigating and 
improving the properties of copper oxide. Basically, CuO is a common material that 
is used as additive in order to improve the sensitivity and selectivity of SnO2 and 
ZnO. Table 2.1 is a summary of reports on improvement in gas sensing when CuO is 
used as a dopant for SnO2 and ZnO. Table 2.2 shows the sensing gas capability of 
homogeneous CuO gas sensor.  
 
Table 2.1: Specifications of CuO doped SnO2 and ZnO gas sensor. 
Sensing Element Target Gas Operating Temperature(ºC) Reference 
SnO2 - CuO H2S 300-400 [27, 28] 
ZnO - CuO NH3 100-350 [29, 30] 
 
Table 2.2: Specification of homogeneous CuO gas sensors. 
Target Gas Operating Temperature(ºC) Reference 
Acetone 220 [10, 12] 
CO 200 [31, 32] 
CO2 160 [16, 33] 
Ethanol 160-300 [5, 15] 
Methanol 220 [5, 10] 
N2 200 [16, 34] 
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2.4 Sputtering plasma deposition 
 
Throughout this year, different techniques were used to fabricate nanostructured 
copper oxide as a gas sensing material for various types of target gases such as 
acetone, CO, CO2, ethanol, H2S, Methanol, N2 and NH3. Some of the known 
techniques to fabricate nanostructured copper oxide include chemical vapor 
deposition [12], microwave-assisted hydrothermal [15], reactive DC sputtering [16] 
and RF magnetron sputtering [17]. In this thesis, the copper oxide thin film will be 
prepared using RF magnetron sputtering technique.  
W. R. Grove was the first person to study what became known as „sputtering‟ 
at 1852 whereas others had observed the effect while studying glow discharges. 
Since that most of the physical vapour deposition is closely associated with the 
development of vacuum technology, the first piston type vacuum pump was invented 
by Otto van Guericke at 1640 in order to pump water out of mines. However, the 
first person to apply the vacuum pump in order to form a glow discharge in a 
„vacuum tube‟ was M. Faraday in 1838. Since then, magnetron sputtering was 
studied by several researcher and the first uses of radio frequency (RF) to sputter 
material was investigated in the 1960s.  
In 1966, Davidse and Maiseel used RF sputtering to produce dielectric films 
from dielectric materials. However, RF sputter deposition is not used widely due to 
their high cost and the introduction of high temperatures, due to the high self-bias 
voltage associated with RF power. RF sputtering was then developed to sputter 
deposited hard coatings on tools at mid-1970s and became commercially available at 
early 1980s [35]. Magnetron sputtering is a technique that requires a high energy of 
ions for bombardment, amounting to a few hundred of electron volts around the 
cathode. Due to the bombardment of the ions towards the cathode, fast metal atoms 
are formed along with secondary electrons. Basically, during the sputtering process, 
gas ions at the plasma were accelerated towards the target material that to be 
deposited. The material will then detached from the target and deposited on the 
substrate. 
Basically, the advantages of reactive sputtering compared to chemical vapor 
deposition, reactive DC sputtering and microwave–assisted hydrothermal techniques 
is due to reactive sputtering deposit thin film at low deposition rates and the oxygen 
content can be controlled to produce specifically only CuO. Beside of CuO, Cu2O 
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and pure Cu composition will also exist on the thin film depending on the amount of 
oxygen content. However, Cu2O and pure Cu composition can be avoided by gaining 
the knowledge on the plasma and thin film. Other than that, varying the substrate 
bias voltage during the deposition of thin film is also one of the main concerns on 
this experiment. Table 2.3 is the compilation of some of the techniques used to 
fabricate copper oxide sensing material. 
 
Table 2.3: A compilation of various techniques used to deposit copper oxide 
as the gas sensing material. 
 
Technique Sensing material Type of gas detected References 
Reactive DC sputtering CuO CO2, Methanol, 
Ethanol 
[5, 16] 
Chemical Vapor 
Deposition 
Cu2O, CuO Acetone, Ethanol [12, 14] 
Microwave-assisted 
hydrothermal 
CuO nanorods, CuO 
nanoparticles 
Ethanol, Methanol, 
Acetone 
[10, 15] 
RF magnetron sputtering Cu2O, CuO Ethanol [17, 36] 
 
 
 
 
 
 
 
  
CHAPTER 3 
 
 
 
RESEARCH METHODOLOGY 
 
 
 
3.1 Introduction 
 
In this experiment, RF magnetron sputtering technique was used to fabricate copper 
oxide thin film. During the process, the plasma produced during sputtering will also 
be analyzed using optical emission spectroscopy (OES) and Langmuir probe. While 
the thin film will be analyzed using surface analysis equipment‟s such as field 
emission scanning electron microscope (FE-SEM), atomic force microscope (AFM), 
X-Ray diffraction (XRD) and two point probe. The correlation between plasma and 
thin film analysis will be used as a reference to produce an optimized condition in 
order to develop a CuO based gas sensor. The standardized process to analyzed and 
fabricate the copper oxide based gas sensor was according to the flow chart in figure 
3.1. 
The fabricated copper oxide thin films were constructed to form a gas sensor 
device which consists of 4 different layers, as shown in figure 3.2. The first layer of 
the gas sensor device is the Si substrate. This is because in this thesis, p-type Si 
wafer were used. As for the second layer, it is the SiO2 layer which act as the 
insulator for this gas sensor. The main function for an insulator is to prevent leakage 
current from copper oxide thin film [37, 38]. 
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Figure 3.1: Flow chart of the process for fabricating the copper oxide gas sensor. 
 
 
Figure 3.2: Gas sensor schematic diagram [5].  
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3.2 Gas sensor fabrication 
 
In order to produce an insulator layer, the p-type Si wafer needs to undergo wet 
oxidation. Thermal oxidation is the most common technique utilized to produce an 
insulating layer. Basically, there are two types of thermal oxidation, namely dry 
oxidation and wet oxidation. Dry oxidation occurs when the wafer is exposed to 
oxygen at approximately 1000ºC. Through dry oxidation, a high quality of oxide 
layer will be produced. However, the dry oxidation is preferable for those that wish 
to produce a thin layer of oxide which is less than 0.5um. On the other hand, wet 
oxidation occurs when the wafer is exposed to oxygen and hydrogen at 
approximately 1000ºC. Thus this produces a vapour environment within the furnace. 
Compare to dry oxidation, wet oxidation have a higher growth rate and is much more 
preferable for those that wish to produce an oxide layer of 0.5um and above. Furnace 
is equipment that will be used in thermal oxidation as it is able to sustain temperature 
of over 1000ºC in the internal [39, 40]. The schematic diagram of the furnace is 
shown in figure 3.3. In this case, p-type Si wafer will be used and a thin layer of SiO2 
layer will be produce on top of the Si wafer. But before undergoing wet oxidation, it 
is common to remove organic residue from the Si wafer. In order to remove the 
organic residue, piranha cleaning method was used.  
Piranha cleaning involves two type of acid as the solution. The acid was 
namely concentrated sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) at a 
mixture of 3:1. Due to the nature of these two types of acid, the piranha clean is 
highly oxidative and removes metals and organics contamination. As a safety 
measure to handle piranha solution, only Pyrex glass containers are suitable. When 
preparing the piranha solution, the H2O2 acid was added slowly into the containers as 
the reaction will start immediately before the cleaning process because it produces an 
exothermic reaction with gas release. As a reminder, the piranha solution is very 
energetic and potentially explosive [41, 42]. The piranha solution will then be heated 
at 80°C for 20mins. By that time, the solution should begin to bubble vigorously. 
After that, the Si wafer will be washed with deionized water and placed inside the 
furnace for 4hours. Depend on the distance of the wafer from the process gas, 
different thickness of SiO2 will be produced. Wafers that were placed nearer to the 
process gas tend to have a higher thickness of SiO2 layer.  
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Figure 3.3: An internal view of the furnace. 
 
As for the third layer of the gas sensor, the copper oxide thin film layer will be 
fabricated using magnetron sputtering. In current date, RF magnetron sputtering 
technique is a process to fabricate thin film. In this process, a few nanometers layers 
of thin films will be grown on a substrate that was initially placed inside a vacuum 
chamber. Through various pumping, the chamber pressures will be reduced to mTorr 
range and at this point plasma phase will be initiated in between the target and 
substrate. The main advantages of RF magnetron sputtering compared to others 
methods due to its low deposition rates and uniformity of the thin films [43]. Besides, 
RF magnetron sputtering technique is more simple and repeatability performance. 
Basically, since that the RF magnetron sputtering machine is an automated system, 
there is a system that was used to control and monitor the parameter and changes 
within the chamber. Through the controller system, the changes on the base pressure 
can be monitored and the amount of gas flow rate, dissipation power and deposition 
time can be easily controlled. Figure 3.4 is the schematic diagram of the RF 
magnetron sputtering. The magnetron sputtering mentioned in this thesis is from 
Nanorian Technologies with model code PSP 5004. While figure 3.5 is an illustration 
of the general assembly of the magnetron sputtering source [44, 45].  Depending on 
the parameters used the plasma within the chamber will be different. Therefore, 
analysis on the plasma is essential in order to better understand the plasma. 
Throughout this year, several diagnostic techniques were invented to analyze the 
plasma within the chamber. Some of the technique was namely optical emission 
spectroscopy (OES) and Langmuir probe. Although several diagnostic techniques 
has being employed to determine the plasma analysis of metal oxide [46–48], 
however few results are published on the plasma analysis of copper oxide through 
RF magnetron sputtering. 
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Figure 3.4: A schematic diagram of RF magnetron sputtering [45].  
 
 
Figure 3.5: A general scheme of magnetron discharge [45]. 
 
Magnetron sputtering processes were done under vacuum base pressure, 
where the chamber used for sputtering process will be pumped down to vacuum base 
pressure of 5x10
-6
mTorr which required approximately above 2hours. In this part of 
the experiment, pure argon gas of 50sccm was admitted into the gas chamber during 
the deposition process. The main function of argon gas in magnetron sputtering in 
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this experiment was to be used as the sputter gas because argon gases tend not to 
react with the target material or combine with any other gases. Other gas that will be 
introduced is the oxygen gases that play the role as the reactive gas. For this thesis, 
the first parameter that was investigated was the oxygen flow rate. In this experiment, 
the oxygen flow rate was varied from 0sccm, 4sccm, 8sccm and 16sccm. Since that 
in this experiment, the properties of copper oxide plasma and thin film will be 
investigated. Therefore, the other main ingredient that was required in this 
experiment is the 3-inch high purity (99.99% purity) copper target, the reactive gas 
will react with the copper ions to form copper oxide thin film. The deposition time 
for the deposition of copper oxide thin film was set to 4minutes in order to produce 
copper oxide thin film with thickness of approximately 120nm. The deposition time 
was set based on the deposition rate of the copper oxide thin film to be 
approximately 29.186nm/min for 22.5mTorr working pressure and 400W dissipation 
power. The thickness of the copper oxide thin films prepared at 5, 10, 15 and 
20minutes is shown in figure 3.6.  
The substrate that were used in this experiment is a 4-inches p-type silicon 
wafer that have undergo wet oxidation process to form a SiO2 layer that will act as an 
insulator layer. After that, the 4-inches silicon wafer will be cut into smaller pieces of 
0.39x 0.79inch
2
 in size.  
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Figure 3.6: Thickness against deposition time of copper oxide thin films 
prepared at 5, 10, 15 and 20minutes. 
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For each deposition, five pieces of the small silicon wafer will be place inside the 
chamber. Each piece will be used for different analysis such as field emission 
microscope (FE-SEM), atomic force microscope (AFM), x-ray diffraction (XRD), I-
V characteristic and gas sensing. Besides than varying the oxygen flow rate, the 
substrate bias voltage were also varied by -0V, -40V, -60V and -100 V. Substrate 
bias voltage is the external parameter that allow the user to supply a voltage directly 
to the substrate. Depend on the amount of substrate bias voltage applied it will affect 
in the quality of the thin films deposited. The investigated deposition parameters are 
indicated in Table 3.1. 
As for the last layer of the gas sensor, the sample is coated with a layer of 
gold (Au) at 40mA and 200seconds using sputter coater by JEOL JFC-1600 Auto 
Fine Coater as a metal contact for the two point probes experiment and gas sensing 
testing.  
 
Table 3.1: The deposition conditions of the prepared copper oxide thin films. 
 
Argon Flow Rate 50sccm 
Dissipation Power 400W 
Deposition Time 4minutes 
Working Pressure 22.5mTorr 
Substrate  Si wafer 
Oxygen Flow Rate 0, 4, 8 and 16sccm 
Substrate Bias Voltage 0, -40, -60 and -100V 
 
3.3 In-situ and ex-situ analysis 
 
Optical emission spectroscopy (OES) is a useful technique to understand the 
condition of the sputtering plasma without perturbing the plasma. No physical probe 
will be introduced into plasma. Hence, the plasma within the chamber will not be 
affected by the OES and the results that were obtained are accurate without 
contamination. As mention earlier, in order to understand the condition within the 
sputtering plasma OES will be used to measures the light that was emitted during 
sputtering process. It will measure the light emitted from the plasma in term of 
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wavelength, time and location. The light that is emitted is the energy of the photons 
from the plasma, therefore, it have a characteristic of the composition and energy 
state of species within the plasma. The spectra are then used to analyze both the 
chemical species that make up the plasma and their state of excitation. Basically, 
OES is a technique used to monitor the chemical species that was build up in various 
plasma conditions. It can be used to investigate the emissive species within the 
plasma, since at different plasma condition the amount of emissive species in the 
plasma will be different. Hence, it will contribute significantly to the properties of 
the thin film produced [47]. Optical emission measurement were usually made 
through the window on the plasma chamber, with a monochromatic system the 
measures the plasma in the range of 200nm to 1000nm wavelength [49]. The proper 
configuration to use an OES device is by connecting the HR4000 to a personal 
computer that were installed with software named spectra suite. With this software, it 
allows the user to communicate with the HR4000 and allowed it to extract 
information from the plasma. Besides than a personal computer, the HR4000 will 
also be connected to an optical fiber that was used as a medium to extract the 
information from the plasma. Besides than the optical fiber, an optical lens was 
placed in between the optical fiber and the chamber in order to focus the extraction 
point of the OES at a single point which is 2cm above the substrate and 11cm from 
the copper target. Of course, a simple experimental test will be conducted in order to 
confirm the actual position that will be used as the extraction point. The simple 
experimental test was by using the OES to focus on a laser point that was shoot out 
from a known laser sources with wavelength of 632.8nm. The result of the simple 
experimental test was plotted into figure 3.7. Figure 3.7 is the intensity of the He-Ne 
laser radiation that was observed by the OES. While figure 3.8 is the actual result 
that was obtain directly from the Ocean Optic Spectra Suite software. A schematic 
diagram of the magnetron sputtering embedded with optical emission spectroscopy 
was displayed in figure 3.9. 
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Figure 3.7: The OES result for the He-Ne laser radiation. 
 
 
Figure 3.8: The actual result obtainable from the Ocean Optics Spectra Suite 
software. 
 
He-Ne laser radiation at wavelength of 632.8nm 
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Figure 3.9: RF magnetron sputtering embedded with OES [45]. 
 
 On the other hand, a Langmuir probe is a small conductor that is introduced 
into the plasma in order to collect the ion or electron current that flow to it in 
response to different voltages. Through Langmuir probe, the current versus voltage 
curve will be obtain and analysis is done to obtain the information about the plasma 
potential (Vp), electron temperature (Te), deybe length (λD), ion density (ni), electron 
density (ne) and ion flux. In order to protect the probe and to ensure the circuitry to 
give the correct I-V curves, a special technique is used to make the probe tip. The 
probe tip is made of a high temperature material, usually tungsten rod with 5micron 
in diameter and 3.2cm in length. To avoid the probe tip from disturbing the plasma, 
the ceramic tube is made into as thin as possible of less than 1mm in diameter. The 
probe will be inserted into the RF magnetron sputtering through the side view port. 
The probe tip will be position 2cm from the substrate and 11cm from the target. The 
commercially available Langmuir probe is ESPION Advanced Langmuir Probe from 
Hiden Analytical.  An illustration of the probe tip design and the full system is  
shown in figure 3.10 and figure 3.11, respectively [50]. Through the Hiden 
Analytical software, there are two variables that will be set at the beginning of the 
experiment. The two variables are the atomic mass unit of the primary gas used and 
the probe surface area. Since that the primary gas used in the magnetron sputtering 
discharge were argon gas, the molecular weight in this case were set to 40a.m.u. As 
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for the surface area of the tip, it was set as 4.73mm
2
. Figure 3.12 display part of the 
setting available in the Hiden Analytical Software Suite. While Figure 3.13 shows 
the appearances of the Hiden Analytical Software Suite before analyzing the result. 
 
 
Figure 3.10: Probe tip assembly in the Hiden Analytical ESPion system [50]. 
 
 
Figure 3.11: RF magnetron sputtering embedded with Langmuir probe [45]. 
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Figure 3.12: The initial variable setting available in the Hiden Analytical Software 
Suite. 
 
 
Figure 3.13: The appearances of the Hiden Analytical Software Suite before analysis. 
 
As we know, physical properties of the sputtered copper oxide thin films are 
controlled by its surface structure, which are influenced by the energy of ion 
bombardment towards the substrate. Therefore, the effect of plasma condition 
towards the formation of thin films is important. Though the plasma conditions are 
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controlled by several parameters such as gas flow rate, working pressure, dissipation 
power and substrate bias voltage. In recent years, there have being reports of some 
interesting work based on this copper oxide material prepared using various 
techniques. However, some of the common physical properties analysis method 
includes X-Ray Diffraction (XRD), Field Emission Scanning Electron Microscope 
(FE-SEM), Transmission Electron Microscopy (TEM), UV-Vis Spectrometer and 
Atomic Force Microscope (AFM). Based on the analysis, most of the gas sensing 
material that were investigated by several researchers shows that the grain size of the 
copper oxide thin films produced is less than 100nm [6,19,22]. While there are 
various peaks of Cu, Cu2O and CuO was detected using XRD analysis. Even though 
there have being various evaluations on the physical properties of copper oxide thin 
films, none was commenting on the correlation of the plasma condition and the 
physical properties of copper oxide thin films. Therefore, the aim for this thesis is to 
understand the correlation between plasma condition and physical properties towards 
the gas sensing performance. 
In this thesis, Field Emission Scanning Electron Microscope (FE-SEM), 
Atomic Force Microscope (AFM) and X-Ray Diffraction (XRD), will be used.      
FE-SEM is a type of instrument that produces image of a sample by scanning it with 
a focused beam of electrons. These electrons will interact with the atoms in the 
sample, producing various signal that can be detected and contain information about 
the sample‟s topography and composition. Basically, these electrons are liberated 
from a field emission source and accelerated in a high electrical field gradient. This 
field emission source is composed from metal with high melting point, such as 
tungsten. The metal shape is very sharp to produce a very fine electron beam. In 
order to focus the electron beam onto the sample, the scanning is done under high 
vacuum condition which is less than 10
-4
Pa. Other than that, the primary electrons 
are focused and deflected by using electronic lenses to narrow down the beam so that 
it will only scan on a specific area of the sample as shown in figure 3.14. Upon 
contact of the primary electron with the sample, a secondary electron is emitted from 
each spot of the sample. A detector catches the secondary electron and produce 
electronic signal. Depending on the angle and velocity of the secondary electrons, it 
is often relate to the surfaces structure of an object. The signal received is then 
amplified and transformed into a video scan image that can be seen at monitor [51]. 
A photograph of the schematic diagram of FE-SEM is shown in figure 3.14. 
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Figure 3.14: FE-SEM schematic diagram [52] 
 
Atomic force microscope (AFM) is a very high-resolution type of scanning 
probe microscopy that able to measure the three dimensional topography and 
physical properties of a surface with a sharpened probe. The probe, which is also 
called cantilever, is less than 50nm in diameter and the areas scanned by the probe 
are less than 100um. AFM consist of three types imaging modes, the contact mode, 
non-contact mode and tapping mode. Typically, contact mode means that the probe 
will interact with the surface of the object as it scanned through it. Likewise,        
non-contact mode means that the probe is positioned a few nanometers from the 
sample surface. In this project, the non-contact mode was used. In non-contact mode, 
the probe will not touch the surface as it scanned through the surface of the object. 
Therefore, the cantilever used in non-contact mode is a non-contact cantilevers. It 
has a tip radius of curvature to be less than 10nm. Identical to the non-contact mode, 
tapping mode also positioned close enough to the surface. The only different is that, 
in tapping mode the probe is driven to oscillate up and down at near its resonance 
frequency as it scanning through the surface of the object. In order to acquire the 
image, the AFM can generally measures the vertical and lateral deflections of the 
probe by using optical lever. The optical lever functions by reflecting the laser beam 
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